Introduction
A somatic mutation in Janus kinase 2, Jak2-V617F, was recently described to be present in the majority of patients suffering from polycythemia vera (PV). In addition, the mutation was also found in other myeloproliferative disorders (MPDs) such as essential thrombocythemia (ET) and idiopathic myelofibrosis (IMF) (Baxter et al., 2005; James et al., 2005; Levine et al., 2005; Zhao et al., 2005; Kralovics et al., 2005a) . The genetic mutation results in a valine to phenylalanine substitution in the pseudokinase domain of Jak2 at amino acid position 617, generating a constitutively active protein. Since then, other constitutively active Jak2 mutations have been discovered in patients. These include the kinase domain mutation, T875N, found in acute megakaryoblastic leukemia and a number of mutations and deletions in exon 12 in the pseudokinase domain (K539L, D(F537H538) þ K539L, H538Q þ K539L, D(N542E543)) in patients with PV and IMF (Scott et al., 2007) . A mutation, L611S, found in acute lymphoblastic leukemia (Kratz et al., 2006) was not further characterized.
In murine bone marrow transfer models, introduction of the Jak2-V617F mutation is sufficient to induce a PV phenotype (Bumm et al., 2006; Lacout et al., 2006; Wernig et al., 2006; Zaleskas et al., 2006) . Thus, the Jak2-V617F mutation seems to be very critical for disease development, but the evolution of the human disease and involvement of other factors is not fully understood.
In PV, activation of signal transducer and activator of transcription (STAT) 5 and STAT3 was described (Roder et al., 2001; Garcon et al., 2006) . The constitutively active Jak2 mutants have been shown to lead to cytokine receptor-dependent constitutive activation of various signaling proteins, such as STATs, mitogen-activated protein kinases and phosphatidylinositol-3-kinase/AKT (James et al., 2005; Lu et al., 2005; Mercher et al., 2006; Scott et al., 2007) .
SOCS proteins negatively regulate signal transduction in a classical feedback loop (Yoshimura et al., 1995; Endo et al., 1997; Naka et al., 1997; Starr et al., 1997) . The members of this protein family contain a central SH2 domain, as well as a C-terminal domain called SOCS-Box, which is required for proteasomal degradation of SOCS-binding partners (De Sepulveda et al., 2000; Frantsve et al., 2001; Kamizono et al., 2001; Rui et al., 2002; Ungureanu et al., 2002) . Also, both SOCS1 and SOCS3 have been shown to interact directly with Jaks and thereby inhibit the phosphorylation of cytokine receptors, STATs and the Jaks themselves. Whereas SOCS3 is suppressing erythropoietin receptor (EpoR) signaling (Yoshimura et al., 1995; Sasaki et al., 2000) , SOCS1 was shown to inhibit Tel-Jak2-mediated transformation of hematopoietic cells (Frantsve et al., 2001) .
As more and more activating mutations in Jaks are discovered in patients affected by chronic myeloproliferative diseases and leukemia, the interest in understanding the molecular mechanisms of Jak action and inhibition rises. We compared three naturally occurring mutations of Jak2 and investigated the role of SOCS proteins in Jak2 mutant-mediated signaling. We found SOCS proteins to negatively modulate mutant Jak2 expression levels and showed that these mutants lead to constitutive activation of signaling proteins comparable with cytokine treatment if a certain expression threshold is overcome.
Results
Constitutively active Jak2 mutants show a reduced expression Constitutively active Jaks are best studied in an inducible system. The activation of signaling pathways and protein fate can be monitored as a function of controlled protein expression, which is not the case for non-inducible systems. We generated stable inducible transfectants expressing Jak2-WT (wild type), Jak2-V617F, Jak2-T875N and Jak2-K539L (Figure 1a ) using the HEK Flp-In-293 cell line in which the gene of interest can be inserted into a Flp recombinase target (FRT) site so that the different mutants are isogenically expressed from the same site in the genome. Induction by doxycycline (Dox) enables the expression of controlled levels of Jaks, depending on the Dox concentration used. Low concentrations of Dox (1-5 ng/ ml) were used to avoid constitutive activation of Jak2-WT, an unphysiological effect often observed when Janus kinases are overexpressed. In our system, Jak2-WT autophosphorylation was not apparent up to 10 ng/ml Dox (highest concentration tested). We generated Flp-In-293 cells stably expressing or not expressing the EpoR, as it was proposed that the presence of a homodimeric type I cytokine receptor is important for V617F/STAT5-mediated transformation Figure 1 Constitutively active Jak2 mutants activate multiple signaling components and show a transient expression pattern. (a) Domain structure of Jak2 and location of the investigated Jak2 point mutations. (b) HEK-EpoR cells stably and inducibly expressing Jak2-WT, Jak2-V617F and Jak2-T875N were treated with 1 ng/ml of doxycycline (Dox) for the times indicated or were left untreated (À). After lysis of the cells, the proteins were resolved by SDS-polyacrylamide gel electrophoresis (PAGE) and subjected to western blot analysis. Phosphorylation of proteins was detected using phospho-specific antibodies directed against the different phospho-proteins. Equal loading and expression was checked by stripping the blot and reprobing it with antibodies directed against the various proteins. (c) HEL cells were treated with Jak Inhibitor I (JII; 0.5 mM) for 6 h or were left untreated. The lysates were analysed as described above.
Regulation of mutant Jak2 by SOCS proteins S Haan et al (Lu et al., 2005) . Expression of Jak2-WT, Jak2-V617F, Jak2-T875N or Jak2-K539L was induced in stable HEK-EpoR transfectants for different periods of time as indicated in Figure 1b and Supplementary Figure 1 (all data on the K539L mutant is provided in Supplementary Figure 1) . The expression of the Jak2 mutants elicited constitutive signaling such as the phosphorylation of the mutated Jak2 proteins themselves, the STAT factors (STAT5, STAT3, STAT1) and phosphorylation of the mitogen-activated protein kinases (ERK1/2 and p38). In contrast, the expression of Jak2-WT did not lead to signaling events. HEK-V617F and HEK-T875N cells not expressing the EpoR also displayed constitutive signaling, but STAT5 was only weakly activated in comparison with HEK-EpoR cells (Supplementary Figure 2) . This supports the data by Lu et al. showing that Jak2/STAT5 activation through homodimeric cytokine receptors is important for V617F-mediated transformation.
The most striking observation was that the expression levels of the mutant Jak2 proteins showed a maximum at 12 h of induction but then gradually decreased over time to reach a steady-state level ( Figure 1b and Supplementary Figure 1a) . Accordingly, the constitutive activation of signaling components was reduced to a steady-state level. This was not the case for Jak2-WT, which showed quite constant expression levels over time. Furthermore, this regulation was not dependent on EpoR expression, as it was also observed in HEK cells not expressing this receptor (Supplementary Figure 2) .
In HEL cells, patient-derived leukemia cells naturally carrying the Jak2-V617F mutation, constitutive phosphorylation of STAT5, STAT3, STAT1, Erk1/2 and p38 can also be observed (Figure 1c) . Treatment of these cells with Jak Inhibitor I (JII) reduced the phosphorylation of these signaling proteins. Thus, the pattern of signaling molecules activated in our model cell line HEK Flp-In-293 corresponds to those activated in patientderived HEL cells. Phosphorylation of Jak2 increased upon treatment of the cells with JII, although downstream signaling was clearly inhibited.
Mutant Jak2 protein degradation is Jak2 activitydependent and is mediated by the proteasome To investigate whether the constitutive activity of Jak2 mutants is responsible for the transient expression kinetics, we investigated the effect of JII on the Doxinduced Jak2-V617F expression kinetics. We treated HEK-Jak2-V617F cells with JII or left them untreated and compared the expression of the mutant with cells expressing Jak2-WT (Figure 2a) . In non-treated Jak2-V617F cells, the mutant protein was downregulated, whereas its expression was rescued and comparable with Jak2-WT protein expression upon addition of the Jak inhibitor. Thus, the activity of Jak2-V617F regulates its own protein stability. It can be noted that the phosphorylation of Jak2-V617F paralleled its expression kinetics and was not suppressed by treatment with JII.
To investigate Jak2-V617F expression levels in patient-derived cells, we studied the Jak2-V617F-positive leukemia cell lines, HEL (homozygous for V617F) and SET2 (heterozygous for V617F). JII was able to inhibit proliferation of HEL cells, as described before Quentmeier et al., 2006; Walz et al., 2006) and of SET2 cells (data not shown). As protein downregulation was Jak activity-dependent in stable HEK cells, treatment of these leukemic cells with JII should result in an increase in Jak2 levels. Indeed, treatment of HEL and SET2 cells with JII (Figures 2b  and c) showed an increase in endogenous Jak2-V617F levels compared with untreated cells.
To mimic the steady state of Jak2-V617F, Jak2-T875N and Jak2-K539L expression found in patients, we cultured the HEK and HEK-EpoR cell lines inducibly expressing Jak2-WT and the two constitutively active mutants in the presence of Dox for some passages, to allow for a steady-state protein level regulation. The cells then showed very low Jak2 mutant protein expression (as also observed in Figures 1b  and 2a) . The cells were then incubated with a Jak inhibitor for 48 h or were left untreated ( Figure 2c and Supplementary Figure 1b) . As observed for the patientderived leukemic cells, HEL and SET2, the Jak2 levels are upregulated after a 48-h inhibitor treatment. Thus, the activity of Jak2-V617F, Jak2-T875N and Jak2-K539L regulates their protein levels.
To compare the protein stability of Jak2-WT with the one of Jak2-V617F and Jak2-T875N, we cultured HEK-Jak2 cells with Dox for 12 h in order to induce Jak2 expression and then exchanged the medium against the medium without Dox. Thereby, Jak2 gene expression stops and the protein levels of Jak2-WT and the Jak2 mutants can then be followed over time by western blot ( Figure 2d ). Jak2-WT degradation was much slower than the degradation of the two constitutively active mutants. Thus, we conclude that the protein stability of Jak2-WT and the constitutively active mutants is different and that the mutants have a reduced stability.
We next investigated whether Jak2-V617F is degraded by the proteasome. For this, we cultured HEK-Jak2-WT and HEK-Jak2-V617F cells with Dox for 12 h to induce Jak2 expression. Then the cells were incubated for different time periods with the proteasome inhibitor MG132. With increasing time of MG132 treatment, Jak2-V617F levels increased while the levels of Jak2-WT did not change ( Figure 2e ). The blot was reprobed with Fin13 to show that the protein loading was equal. We next studied whether the constitutively active Jaks could be ubiquitinated. HEK-Jak2-WT, HEK-Jak2-V617F and HEK-Jak2-T875N cells were transfected with an HA-ubiquitin construct. After induction of Jak2 proteins, we detected poly-ubiquitinated, phosphorylated Jak2-V617F and Jak2-T875N, but not Jak2-WT (Figure 2f ). Finally, we detected reduced ubiquitination of Jak2-V617F in HEL cells treated with JII ( Figure 2g ). These data indicate that the activity-dependent downregulation of the protein levels of mutant Jak2 proteins occurs through the ubiquitin-proteasome pathway.
Jak2-V617F and Jak2-T875N induce the expression of SOCS proteins As SOCS proteins negatively regulate Jak activity, we investigated whether the constitutively active Jak2 mutants could induce SOCS protein expression and whether SOCS proteins would modulate the activity of the mutant Jak2 proteins. We focused on SOCS1 and SOCS3, as these proteins directly bind to Jak2 and modulate its activity Sasaki et al., 2000) .
HEL or SET2 cells were treated for 6 h with JII, and mRNA levels of SOCS1 and SOCS3 were investigated by quantitative PCR analysis. Upon inhibitor treatment, the mRNA of both SOCS proteins was downregulated (Figure 3a) , showing that in these patient-derived leukemic cells Jak2-V617F induces transcription of these SOCS genes.
To investigate SOCS expression in our inducible system, HEK-Jak2-WT and HEK-Jak2-V617F cells were induced with Dox for the times indicated, mRNA Regulation of mutant Jak2 by SOCS proteins S Haan et al Figure 2 Reduction of mutant Jak2 levels is dependent on kinase activity and occurs by proteasomal degradation. (a) Stable, inducible HEK-Jak2-WT and HEK-Jak2-V617F cells were treated with 1 ng/ml doxycycline (Dox) for the indicated periods of time. Simultaneously, Jak2-V617F cells were also treated with Jak Inhibitor I (JII, 0.5 mM) as indicated. Western blots were analysed as described in Figure 1 . Jak2 protein expression and STAT3 phosphorylation were assessed using specific antibodies. Staining of STAT3 and Fin13 expression was carried out to compare the loading of the samples. (b) HEL cells were treated with JII (0.5 mM) for 2 days or were left untreated. Viable cells were counted to adjust the amount of lysis buffer and the lysates were analysed by western blot using antibodies recognizing Jak2 and STAT5 (loading control). (c) Inducible HEK-EpoR-Jak2-WT, HEK-EpoR-Jak2-V617F and HEK-EpoR-Jak2-T875N cells as well as HEK-Jak2-WT, HEK-Jak2-V617F, and HEK-Jak2-T875N cells were treated with 1 ng/ml Dox for several passages to induce steady-state Jak2 levels. The cells were then treated with JII (0.5 mM) for 48 h or were left untreated. Patient-derived HEL and SET2 cells expressing Jak2-V617F were also treated with JII for 48 h. Viable cells were counted to adjust the amount of lysis buffer. Western blots were prepared from cell lysates, Jak2 levels were determined using a Jak2 antibody and STAT5 or Fin13 stainings are given as loading control. (d) HEK-Jak2-WT, -V617F and -T875N cells were treated with 1 ng/ml Dox for 12 h to induce Jak2 expression. Dox-mediated expression of Jak2 was then stopped by removal of the medium and exchange against the medium without Dox. Expression of Jak2 and Fin13 (loading control) was then monitored after the indicated times. (e) HEK-Jak2-WT and HEK-Jak2-V617F cells were treated with 1 ng/ml Dox for 12 h to induce Jak2 expression. The cells were then treated with the proteasome inhibitor, MG132 (10 mM), for the indicated time periods without the removal of Dox. The samples were processed as described above, and protein expression and phosphorylation were monitored using the corresponding antibodies. (f) HEK-Jak2-WT, HEK-Jak2-V617F and HEK-Jak2-T875N cells were transfected with a HA-ubiquitin expression plasmid (0.5 mg). At 24 h after transfection, Jak2 expression was induced with 1 ng/ml of Dox for 12 h. MG132 (10 mM) was added for 2 h before cell lysis. Jak2 protein was precipitated from the lysates and the precipitated proteins were subjected to western blot analysis. Poly-ubiquitinated Jak2 was detected using an HA antibody. Jak2 induction and phosphorylation were monitored with the respective antibodies. (g) HEL cells were treated with JII for 6 h or were left untreated. MG132 (10 mM) was added 2 h before cell lysis and Jak2 was precipitated from the lysates. The precipitated proteins were subjected to western blot analysis using antibodies recognizing ubiquitin (ub.) or Jak2. HEK-Jak2-WT and HEK-Jak2-V617F cells were treated with 1 ng/ml of doxycycline (Dox) for the times indicated or were left untreated. SOCS1 and SOCS3 expression was monitored using real-time quantitative PCR. The expression relative to the non-treated cells is given. The experiment was carried out in triplicate and standard deviations are given. (c) HEK-Jak2-WT, HEK-Jak2-V617F and HEK-Jak2-T875N cells were treated with 1 ng/ml of Dox for the indicated times, and Jak2 levels as well as SOCS3 expression were monitored by western blot analysis of cell lysates. (d) HEK-Jak2-WT and HEK-Jak2-V617F were treated with 1 ng/ml of Dox for the indicated times. HEK-Jak2-V617F cells were also treated with JII (0.5 mM) as indicated. Jak2 levels and SOCS3 expression were studied by western blot analysis.
Regulation of mutant Jak2 by SOCS proteins S Haan et al was isolated and analysed ( Figure 3b ). SOCS1 and SOCS3 mRNA levels were not upregulated by the induction of Jak2-WT expression compared with the non-induced cells. In HEK-Jak2-V617F, a different regulation is observed. SOCS1 is induced about threefold over the whole period of Jak2-V617F induction compared with non-induced cells. The induction is rapid and constant over time. SOCS3 mRNA level shows kinetics that parallel Jak2-V617F protein expression.
It is maximal at 12 h and decreases gradually over time to reach a three-fold induction (compared with the noninduced state) after 72 h of Dox treatment. Thus, the mRNA levels of SOCS1 and SOCS3 are upregulated in a Jak2-V617F-dependent manner and show a three-to four-fold elevated level at steady state compared with cells expressing Jak2-WT. We then monitored SOCS3 protein expression in HEK-Jak2-V617F and HEK-Jak2-T875N cells. SOCS3 was upregulated in cells expressing Jak2-V617F and Jak2-T875N with kinetics matching the Jak2 mutant expression and activation levels (Figure 3c ). In addition, the effect of JII on SOCS3 expression was investigated. If JII is administered to HEK-Jak2-V617F cells, no upregulation of SOCS3 can be observed (Figure 3d ).
SOCS3 binds to Jak2-V617F
We carried out co-immunoprecipitations to investigate the binding of SOCS3 to Jak2-V617F. SOCS3 immunoprecipitation was carried out with lysates of HEKJak2-V617F cells induced for different times, as indicated (Figure 4a ). The proteins were stabilized by treatment of the cells with the proteasome inhibitor MG132. As illustrated in Figure 4a , co-precipitation of Jak2-V617F is maximal at 12 h after Dox treatment and decreases according to the earlier observed transient expression pattern of Jak2-V617F. Co-precipitation of Jak2 with SOCS3 was also observed for Jak2-T875N and Jak2-K539L cells (Supplementary Figure 1d) .
Similarly, Jak2-V617F can be co-precipitated with SOCS3 from lysates of HEL cells, as depicted in Figure 4b . In cells treated with JII, the precipitated SOCS3 levels were much lower, showing again that in this leukemia cell line SOCS3 is produced Jak2-V617F-dependently. Thus, in both of our experimental cell systems, we find an association between SOCS3 and Jak2-V617F.
Jak2-V617F and Jak2-T875N recruit SOCS1 and SOCS3 to the plasma membrane HEK-yellow fluorescent protein (YFP)-Jak2-WT, HEK-YFP-Jak2-V617F and HEK-YFP-Jak2-T875N cells were generated to investigate the localization of the different Jak2 proteins. Jak2-WT and YFP-Jak2-WT were previously reported to be almost exclusively localized at the plasma membrane in living cells (Behrmann et al., 2004) . YFP-Jak2-WT, YFP-Jak2-V617F and YFP-Jak2-T875N show an identical regulation of Jak activity, STAT3 activation as well as Jak2 protein stability compared with the non-YFP-tagged proteins (compare Figure 5a with Figure 1) . Thus, the YFP-tagged Jak2 proteins behave in a biochemically identical way compared with the non-YFP-tagged Jak2. The localization of YFP-Jak2-WT and YFP-Jak2-V617F was investigated at 12 h after induction with Dox using live-cell confocal microscopy. The localization of Jak2-WT, Jak2-V617F and Jak2-T875N is identical and all proteins are localized predominantly at the plasma membrane with a slight cytoplasmic staining and an exclusion of Jak2 from the nucleus (Figure 5b ), as described before for Jak2-WT (Behrmann et al., 2004) .
To further investigate whether the constitutively active Jak2 mutants can recruit SOCS proteins, we expressed SOCS1-YFP and SOCS3-YFP in inducible HEK-Jak2-WT, HEK-Jak2-V617F and HEK-Jak2-T875N cells and observed their localization before and after Dox-dependent induction of the kinase (Figure 5c ). Before induction of Jak expression, SOCS1-YFP showed a nuclear localization, as described before (Vuong et al., 2004) , whereas SOCS3-YFP was evenly distributed throughout the cell. After the induction of Jak2-V617F and Jak2-T875N, SOCS1-YFP and SOCS3-YFP relocalized to the plasma membrane, whereas they retained their initial localization in HEKJak2-WT cells (Figure 5c ). The recruitment of SOCS1-YFP and SOCS3-YFP to the plasma membrane by Jak2-V617F could be prevented by the addition of JII together with Dox ( Figure 5d and data not shown). Furthermore, if HEK-Jak2-V617F cells in which SOCS1-YFP or SOCS3-YFP was localized at the membrane (after Dox treatment) were treated with JII, SOCS1-YFP and SOCS3-YFP regained their initial distribution (data not shown).
SOCS1 and SOCS3 downregulate Jak2-V617F activity and reduce Jak2-V617F protein levels Both SOCS1 and SOCS3 were shown to negatively regulate Jak2-mediated signaling by binding to Jak2. To investigate whether SOCS3 can also inhibit the Jak2-V617F mutant, we co-transfected 293T cells with Jak2-WT or Jak2-V617F plasmids together with constructs Figure 4 SOCS3 binds to Jak2-V617F. (a) HEK-Jak2-V617F cells were treated with 1 ng/ml of doxycycline (Dox) for the times indicated. MG132 was added 3 h before cell lysis. After lysis of the cells, SOCS3 was precipitated with a SOCS3 antibody. Co-precipitated Jak2 as well as SOCS3 was detected by western blot analysis. (b) HEL cells were treated with Jak Inhibitor I (JII) for 6 h or were left untreated. MG132 (3 h) was present in all samples. After cell lysis, SOCS3 was precipitated and co-precipitated Jak2 as well as SOCS3 were detected by western blot analysis. A sepharose control without antibody (beads) is also provided. The band observed in the beads control is due to non-specific binding of a HEL cell protein that co-migrates with SOCS3.
Regulation of mutant Jak2 by SOCS proteins S Haan et al encoding different SOCS3 mutants. We chose SOCS3-WT as well as SOCS3 mutants in which the function of the kinase inhibitory region (KIR) (SOCS3-F25A point mutant), the SH2 domain (SOCS3-R71K point mutant) or the SOCS-Box (SOCS3-DBox deletion mutant) was knocked out. As expected, the expression of Jak2-V617F induced strong autophosphorylation, whereas Jak2-WT showed significantly lower levels of phosphorylation, although both proteins are expressed at similar levels (Supplementary Figure 3a) . The experiment clearly shows that expression of both SOCS3-WT and SOCS3-DBox significantly reduced the phosphorylation of Jak2-WT as well as the one of the Jak2-V617F mutant, whereas SOCS3-F25A and SOCS3-R71K failed to inhibit both Jak2-WT and Jak2-V617F. These data indicate that SOCS3 inhibits Jak2-V617F and Jak2-WT, and in both cases direct inhibition of kinase activity involves the SH2 and KIR domains of SOCS3.
To investigate whether the DBox mutant would fail to downregulate Jak2-V617F protein levels, we performed experiments where we transfected less Jak2. As depicted in Supplementary Figure 3b , SOCS3-WT reduced Jak2 levels, whereas the DBox mutant did not influence Jak2 expression. Furthermore, we studied whether SOCS1 and SOCS3 would dose dependently inhibit the Jak2-V617F mutant protein (Supplementary Figure 3c) . We found both proteins to reduce the phosphorylation and protein levels of Jak2-V617F in a dose-dependent manner, indicating that Jak2-V617F is susceptible to negative regulation by these SOCS proteins.
Using an siRNA approach, we then investigated whether the suppression of SOCS1 or SOCS3 expression would affect Jak2-V617F levels. As HEK cells did not support well the siRNA transfection conditions over longer periods of time, we generated g2A cells stably and inducibly expressing Jak2-V617F. As observed for the stable HEK cells, reconstitution of these Jak2-deficient cells with Jak2-WT or Jak2-V617F led to a downregulation of mutant Jak2 protein levels, which could be prevented by treatment with JII ( Figure 6a) . The g2A-Jak2-V617F cells were then treated with Dox for 3 days to allow for steady-state protein expression and subsequently transfected with siRNAs for SOCS1 or SOCS3 (Figure 6b ). Both siRNAs led to an increase in the Jak2-V617F protein expression, indicating that both SOCS proteins can participate in V617F degradation.
Increasing levels of mutant Jak2 proteins favor cytokine independence As illustrated in Figure 7a , the patient-derived HEL cell line showed constitutive activation of STAT5, which was inhibitable upon treatment with JII. Epo stimulation led to a clear increase in STAT5 activation. To investigate whether there is a threshold expression HEK-YFP-Jak2-V617F and HEK-YFP-Jak2-T875N cells were treated with 1 ng/ml of doxycycline (Dox) for the times indicated or were left untreated (À). After lysis of the cells, the proteins were resolved by SDS-polyacrylamide gel electrophoresis (PAGE), and Jak2 as well as STAT3 expression and phosphorylation were monitored by western blot analysis. (b) HEK-YFP-Jak2-WT, HEK-YFP-Jak2-V617F, and HEK-YFP-Jak2-T875N cells were treated with Dox for 12 h and subjected to confocal live-cell microscopy. The plasma membrane was stained with trypan blue Scale: 10 mm. (c) Stable, inducible HEK-Jak2-WT, HEK-Jak2-V617F and HEK-Jak2-T875N cells were transiently transfected with expression plasmids for SOCS1-YFP and SOCS3-YFP. Jak2 expression was induced with Dox for 12 h and the cells were subjected to confocal live-cell microscopy. (d) HEK-YFP-Jak2-WT and HEK-YFP-Jak2-V617F cells were treated as described in panel c. In addition, Jak Inhibitor I (JII) was given together with Dox (right panel).
Regulation of mutant Jak2 by SOCS proteins S Haan et al level of mutant Jak2 protein at which constitutive activation in cells occurs, we cultured HEK-Jak2-V617F, HEK-Jak2-T875N and HEK-Jak2-K539L cells also stably expressing the EpoR with Dox for some passages to induce steady-state protein levels (Figure 7b and Supplementary Figure 1c) . This was performed for different Dox concentrations (0.5, 1 and 5 ng/ml), resulting in different steady-state levels of the mutant Jak2 proteins.
At all concentrations of Dox, constitutive STAT5 activation was observed, whereas a cytokine-dependent increase could only be seen for lower Jak2 mutant expression levels (0.5 and 1 ng/ml Dox). In cells treated with 5 ng/ml Dox, Epo treatment did not lead to a further increase in STAT phosphorylation. In all cases, the constitutive signal could be inhibited by treatment of the cells with JII. Thus, although Jak2 mutants are downregulated by SOCS proteins, the resulting steadystate Jak2 expression levels induce constitutive signaling at every expression level and full cytokine-independent activation requires increased Jak2 steady-state levels.
Discussion
The most important findings of this study are (i) Jak2-V617F has a decreased stability which is due to its constitutive activity; (ii) Jak2-V617F activity is regulated by the feedback inhibitors SOCS3 and SOCS1; and (iii) a threshold level of Jak2-V617F is necessary for full cytokine-independent constitutive signaling, which could clearly explain selection for high-expressing cells in patients.
We generated HEK model cell lines in which we isogenically express Jak2-WT, Jak2-V617F, Jak2-T875N and Jak2-K539L in order to compare the signaling characteristics of the different mutants on an identical background (Figure 1b and Supplementary  Figure 1) . Induction of the expression of Jak2 mutant proteins by Dox led to their constitutive activation, whereas Jak2-WT was not active (up to a maximum of 10 ng/ml Dox tested), reflecting physiological conditions. The pattern of signaling molecules activated in these cells corresponded to those constitutively activated Figure 6 Treatment of cells with SOCS3 or SOCS1 siRNA increases Jak2-V617F protein expression. (a) g2A-FRT cells stably and inducibly expressing Jak2-WT or Jak2-V617F were treated with 1 ng/ml of doxycycline (Dox) for several passages to induce steady-state Jak2 levels. The cells were then treated with Jak Inhibitor I (JII, 0.5 mM) for 48 h or were left untreated. Jak2 levels were monitored by western blot analysis using a Jak2 antibody and STAT3 expression levels are given as a loading control. (b) g2A-FRT-Jak2-V617F cells were treated with Dox for 3 days to allow for steady-state protein expression and subsequently transfected with siRNAs for SOCS1 or SOCS3 using siRNA SMART pools. A scrambled control siRNA was transfected as a control. The bar diagram shows the normalized Jak2-V617F expression levels. Normalization was performed using the actin levels and the standard deviation is given for four different experiments. Figure 7 Constitutive activation of signaling pathways is dependent on mutant Jak2 levels. (a) HEL cells were left untreated or were treated with Jak Inhibitor I (JII) or Epo (10 ng/ml). After lysis of the cells, the proteins were resolved by SDS-polyacrylamide gel electrophoresis (PAGE) and subjected to western blot analysis. STAT5 phosphorylation was assessed using a STAT5 phosphotyrosinespecific antibody. Equal loading and expression was checked by stripping the blot and reprobing it with a STAT5 antibody. (b) Inducible HEK-EpoR-Jak2-V617F and HEK-EpoR-Jak2-T875N cells were treated with 0.5, 1 and 5 ng/ml of doxycycline (Dox) for several passages to induce steady-state Jak2 levels. The cells were then stimulated with Epo (10 ng/ml for 30 min) or were treated with with JII for 3 h or were left untreated. Western blots were analysed as described in panel a.
Regulation of mutant Jak2 by SOCS proteins
S Haan et al in HEL leukemia cells naturally carrying the Jak2-V617F mutation (Figure 1c) . The constitutively active mutants, V617F, T875N and K539L, behave similarly in the experiments shown in this study, indicating that the activity and the expression levels of these mutant kinases are regulated in a similar way. Surprisingly, the expression of the constitutively active Jak2 mutants gradually decreased over time (Figure 1) . The observed protein downregulation was dependent on the activity of the mutant kinase (Figure 2a) . Interestingly, Jak2 phosphorylation is enhanced upon treatment with JII (although the kinase is inactive) (Figures 1c, 2a and b) . This effect has previously been reported for another Jak inhibitor in the context of Jak2-V617F (Grandage et al., 2006) . Similarly, in the Jak2-V617F-expressing patient-derived cell lines, HEL and SET2, JII treatment led to the upregulation of Jak2 protein levels, indicating that also at the steady-state expression of Jak2-V617F its constitutive activity decreases protein stability (Figure 2c ). We could re-create this situation in HEK-Jak2-V617F, HEK-Jak2-T875N and HEK-Jak2-K539L cells expressing steady-state levels of the mutants (Figure 2c and Supplementary Figure 1b) . Whereas the inhibition of kinase activity increased protein expression, the withdrawal of Dox led to an accelerated decrease in protein levels (Figure 2d ). Furthermore, we found the mutants to be poly-ubiquintinated (Figures 2f and g ) and concluded that they are degraded by the proteasome in a Jak2 activity-dependent manner. This is in line with previous data reporting the poly-ubiquitination and degradation of phosphorylated Jak2-WT (Ungureanu et al., 2002) .
As SOCS proteins are known feedback inhibitors induced through the Jak/STAT pathway and negatively regulate Jak activity, we investigated whether they would modulate the activity of the mutant Jak2 proteins. We focused on SOCS1 and SOCS3 as these proteins directly bind to Jak2 and modulate its activity. Also, SOCS1 and SOCS3 mRNA upregulation has recently been reported in patients with Jak2-V617F-associated MPDs (Kralovics et al., 2005b; Bock et al., 2007) . We found that SOCS1 and SOCS3 are regulated by Jak2-V617F in HEL and SET2 cells as well as in stably transfected HEK cells (Figure 3) , that endogenous SOCS3 binds to the mutant Jak2 proteins (Figure 4 and Supplementary Figure 1d) and that both YFP-SOCS1 and YFP-SOCS3 relocalize to the membrane in living cells upon induction of constitutively active Jak2 mutants ( Figure 5 ). Moreover, SOCS1 and SOCS3 dose dependently reduce Jak2-V617F phosphorylation and protein levels (Supplementary Figure 3c) . Our data are in contrast to the results of a previous study reporting that SOCS3 fails to inhibit Jak2-V617F and potentiates both its phosphorylation and expression levels (Hookham et al., 2007) . We therefore tested the specificity of the observed inhibition of Jak2-V617F by SOCS3. The direct inhibition of Jak2 kinase activity by SOCS3 requires both the KIR and the SH2 domains of SOCS3 but not the SOCS-Box . We found that similar to Jak2-WT, Jak2-V617F is efficiently inhibited by SOCS3 and SOCS3-DBox, a mutant in which the SOCS-Box has been deleted ( Supplementary  Figure 3a) . On the other hand, mutants of SOCS3 in which the function of the KIR (SOCS3-F25A) or the SH2 domain (SOCS3-R71K) were knocked out were not able to inhibit Jak2-WT or Jak2-V617F activity. Thus, the specific pattern of the observed inhibition strongly suggests that Jak2-V617F is still sensitive to SOCS3-mediated inhibition. This also shows that the inhibitory mechanism is identical for Jak2-WT and Jak2-V617F, and corresponds to the mechanism extensively characterized by Sasaki et al. (1999) . Finally, using an siRNA approach, we found that both SOCS1 and SOCS3 can regulate Jak2-V617F expression levels ( Figure 6 ). Taken together, our results suggest that constitutively active Jak2 mutants are regulated by SOCS proteins at the level of kinase inhibition and by regulation of the expression levels of the mutant kinases. A similar mechanism was proposed for TEL-Jak2, for which a SOCS1-dependent inhibition of kinase activity and proteasomal degradation was reported (Frantsve et al., 2001; Kamizono et al., 2001) .
To investigate whether there is a threshold expression level of mutant Jak2 proteins at which full cytokineindependent constitutive activation occurs, we cultured HEK-Jak2-V617F, HEK-Jak2-T875N and HEK-Jak2-K539L cells, also stably expressing the EpoR, with different Dox concentrations, in order to obtain different steady-state expression levels of mutant Jak2 protein (Figure 7b and Supplementary Figure 1c) . We observed that increasing levels of constitutively active Jak2 mutants lead to increasing levels of activated signaling proteins (STAT5) and ultimately reach a level at which cytokine stimulation does not further enhance signaling. It can be noted that in HEK-Jak2-V617F and HEKJak2-T875N cells, which do not express the EpoR, no STAT5 activation could be detected at steady-state Jak2 levels (data not shown and Supplementary Figure 2 ; 24-72 (h)). Thus, the presence of the EpoR is necessary for constitutive Jak2/STAT5 signaling at these lower steadystate Jak2-V617F levels. In line with this observation, it was recently reported that the expression of the homodimeric type I cytokine receptors, EpoR, thrombopoietin receptor or G-CSFR, are required for Jak2-V617F/ STAT5-mediated transformation (Lu et al., 2005) . A schematic representation of our model of mutant Jak2 regulation is provided and discussed in Figure 8 .
In line with such a model, homozygous patients with MPD were described to have higher hemoglobin level, higher rate of fibrotic transformation and higher risk of cardiovascular events (Tefferi et al., 2006; Vannucchi et al., 2007) . Animal studies also support the hypothesis that higher levels of Jak2-V617F lead from a thrombocytic to an erythrocytic and a fibrotic phenotype (Bock et al., 2006; Lacout et al., 2006) . Interestingly, a subset of patients with PV and IMF show duplication of the mutated allele (Andrieux and Demory, 2005; Bacher et al., 2005; Reilly, 2005) . A recent study in transgenic mice indicates that the expression level of Jak2-V617F determines the MPD phenotype: a low transgene expression leads to an essential thrombocythemia phenotype, whereas a higher transgene expression mediated a PV-like phenotype. A similar correlation was also found in patients with MPD, in whom the expression level reflects the allele load (Tiedt et al., 2008) ; in patients with PV and IMF, the Jak2-V617F mutation frequently progresses to homozygosity through mitotic recombination, which is less frequently observed in patients with essential thrombocythemia (Kralovics et al., 2005a) .
Our study provides evidence that the constitutively active Jak2 mutants have decreased stability, that they are degraded by the proteasome and that they are susceptible to negative regulation by SOCS proteins. Thus, mechanisms interfering with this regulation could considerably contribute to the development and progression of MPD and Jak2-V617F-positive leukemia by increasing the levels of constitutively active Jak2 mutants. For example, mechanisms that were reported to interfere with SOCS function are methylation (Yoshikawa et al., 2001; Galm et al., 2003; Ekmekci et al., 2004) , mutations (Melzner et al., 2005) and deletions (Melzner et al., 2006) of SOCS genes. It is important that epigenetic silencing of SOCS3 and SOCS1 was recently reported in B40% of patients with Ph-negative chronic myeloid disorders (Capello et al., 2008; Teofili et al., 2008) . The mechanism of mutant Jak2 regulation that we report strongly suggests that the regulation and potential mutation of SOCS proteins could be important clinical parameters in patients carrying constitutively active Jak2 proteins. It may also be important to extend such studies to other proteins involved in this proteasomal degradation such as the yet-to-be-identified E2-ubiquitinating enzymes recruited to the SOCS-containing E3 ligase complexes.
Materials and methods
Information on constructs, materials, cell culture and transfection as well as on cell lysis, immunoprecipitation and western blot analysis is provided as Supplementary Information.
Quantitative PCR
Total RNA from HEL, SET2 and HEK Flp-In-293 cells expressing Jak2-WT or Jak2-V617F was extracted using the RNeasy Mini Kit (Qiagen, Venlo, Netherlands) following the tissue protocol of the manufacturer's instructions. The realtime quantitative PCR was carried out in an I-Cycler (Bio-Rad, Nazareth, Belgium). Quantitative PCR results were normalized to TBP (TATA-binding protein). Relative fold changes were calculated by the comparative threshold cycles (C T ) method, 2 ÀDDCT . Details are provided as Supplementary Information.
Confocal live cell microscopy HEK Flp-In-293 cells stably expressing Jak2 proteins were seeded on poly-L-lysine-coated coverslips 36 h before microscopy. Cells were seeded 60 h before microscopy in case of Figure 8 Schematic representation of the regulation of Jak2-V617F levels. Upon expression of the Jak2 mutants, their levels reach a maximum (broken and solid lines represent the situations of doxycycline (Dox) induction with 1 and 5 ng/ml, respectively) and then SOCS-dependently decrease to reach a specific steady-state level. In the maximum of expression where the levels of Jak2 are considerably higher than endogenous, constitutive activation of STATs is observed independent of the presence of the EpoR. This suggests that Jak2-V617F can also elicit signals through other Jak2 binding receptors. Such receptors are present in our model cell line as well as in myeloid cells. This corresponds to the findings of Lu et al. (2008) , who also showed that V617F does not absolutely require the expression of the Jak2 activating homodimeric receptors. However, in the patient-mimicking steady state (which represents the equilibrium phase of Jak2-V617F expression and SOCS-mediated downregulation), the EpoR is crucially required for constitutive Jak2/STAT5 activation, stressing again the importance of homodimeric receptors in the context of Jak2-V617F. Finally, the two curves illustrate how increasing levels of steady-state Jak2-V617F will lead to the transition of a constitutively active situation which is still Epo-sensitive (broken line; 1 ng/ml docyxycline) to full constitutive activation which is Epo-independent (solid line; 1 ng/ml of docyxycline induction) as shown in Figure 7b .
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